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INTRODUCT ION

Of the many problems of concern in designing compact combat
rations, one of the most perplexing is how to achieve maximum caloric
density within the tight limits of weight and volume prescribed for
such rations. The problem is compounded by strict nutritional
requirements., TFor example, there is a limitation on the amount of fat
that can be incorporated in the ration since an excess of fat in the
diet adversely affects health. Because fats are dense in calories,
this delimitation of their.use handicaps the designer of compact
combat rations. One approach to the solution of this problem is the
substitution of high-~energy compounds for most of the carbohydrates in
the diet. This approach has been explored at the U.S. Army Natick
Laboratories, and research to find and synthesize high caloric, non-
lipid compounds has progressed to the point where three model compounds
(1,3-butanediol, propylene glycol, and glycerol) were investigated for
use in supplying dietary calories in high-energy rations. While the
compounds studied may not be used, it is reasonable to believe that
‘this new approach can make a substantial contribution not only to the
development of future compact combat rations, but also to the design
of rations for lunar exploration and other space missions,

Although the possibility of utilizing polyhydric alcohols in
nutrition has not been extensively explored, Fischer et al (2), Mayer
(3) Schiiissel (5) and Bornmann (4) conducted investigations on
pharmacological effects between 1949 and 1955. More recently, Dymsza
and Miller (1), in seeking to find and synthesize compounds to replace
carbohydrates, examined a number of compounds, eventually selecting
1,3-butanediol as the compound of greatest potential. This work was
sponsored by the Air Force at the Massachusetts Institute of
Technology. During the past 15 months, at the U.S. Army Natick
Laboratories, research on synthetic food compounds has been in
progress, Evaluation of 1,3-butanediol has been continued, and in
addition, other food compounds have been investigated. C
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EXPERIMENTAL

Criteria for Selection. The high-energy compounds were
salected in accordance with the rather exacting criteria given below:

(a) Capable of being synthesized or obtained by means
independent of land cultivation.

(b) Preferably containing more kcal/gm than
carbohydrates. : '

{(¢) Non-toxic and physiologically harmless.

(d) Capable of replacing a large percentage of the
carbohydrates in moderately high-fat diets.

Characteristics of the Compounds Selected: On the basis of
the above requirements, three polyhydric alcohols, namely _
1,3-butanediol, propylene glycol and glycerol, were selected for the -
study reported herein. Although glycerol contains only as much P
kecal/gm as carbohydrates, it was included as a Ycontrol! because it
can be synthesized and because it is a polyhydric alcohol. All 3
glycols are available commercially at relatively low cost. Some
characteristics of the compounds are given in Table 1.

_ TABLE I
- Some Characteristics of Compounds Evaluated as Food Sources

Compound kcal/gml LD502 Present Use
. : (gm/kg)

1,3-Butanediol 6 25 Chemical intermedizate,
plasticizer, food flavor and
color solvent; cosmetic

emolliient,

Propylene Glycol 5 30 Solvent for flavors and :
pharmaceuticals, food and tobacco
humectant; preservative; R

treatment of ketosis in dairy =

cattle; cosmetic emollient. -

Glycerol 4 30 Solvent or lubricant in _
beverages, cosmetics and foods; -
tobacco humectant. S

1 Estimated metabolizable energy.
Acute single-dose oral toxicity in the rat.
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Experimental Diets, Animals and Techniques. ,Experimental
diets were formulated and administered whereby each of the 3
polyhydric alcohols replaced a portion of the common carbohydrates on
a caloric equivalent basis. These diets (Table 2) were fed to young
‘laboratory rats (usually 10 per treatment) for 2 to 5 weeks.

TABLE 2
Experimental Diets
1 2 3 A 5
30% 30% .30%
10% 30% Fat Fat Fat
Fat . Fat + + +
20% 20% 20%
BD PG Glycarol
% % % % %
Casein , 22.0 22,0 22.0 22.0 22,0
Glucose Monohydrate 19,8 13.0 3.0 3.0 3.0
Sucrose 19.6 13.0 . 3.0 3.0 3.0
Dextrin 19.6 13.0 3.0 3.0 3.0
Lard 7.5 22.5 22.5 22,5 22,5
Corn 0il 2.5 7.5 7.5 705 705
1,3-Butanediol - - 26.0 - -
Propylene Glycol - - - 20.0 -
Glycerol - - - - 20.0
Mineral Mix 4,0 4.0 4,0 4,0 4,0
Vitmin Mix 1-0 1.0 1-0 1.0 100
Choline Chloride (50%) 0.4 0.4 . 0.4 0.4 0.4
Cellulosel 3.6 3.6  13.6  13.6  13.6

;1 Increased in diets containing BD, PG and Glycerol in ader to make
all diets iso=-nitrogenous and iso-caloric,

Studies .were also conducted on rats fed these compounds
under the stress of a cold environment. Animals exposed to cold
exhibit a marked increase in food consumption, presumably to meet
their elevated caloric.demands due to an accelerated metabolism. In
addition, numerous tissue lipid changes occur in rats subject to a
" cold enviromnment, and cold acclimation has a pronounced action on
hepatic lipid metabolism. These animals were housed in a
thermostatically controlled room maintained at room temperature
(25° + 1°C), medium cold (5° + 1°C), or severe cold (-10° + 1°C).
Meshed rubber laboratory mats were used to cover the floor bottoms of
-the cages in the cold rooms.  In the survival test used to.compare
ability to withstand severe cold, rats from each dietary treatment.
were maintained for 4 weeks at 25°C and 5°C, followed by exposure at
«20°C until 50% survived from each group. : :
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‘ To assess BD as an energy source during muscular activity in
higher animals, diets containing this compound were fed to adult male-
Beagles. Six purebred male Beagles were fed the control 30% fat diet
(Table 2) for 2 weeks. After this conditioning period, each dog was
placed on a treadmill and exercised to exhaustion. The treadmill,
placed at an angle of 11°, had a constant speed of 4 mph. After
determining baseline performance, three dogs were changed to the 30%
fat + 20% BD diet (Table 2); the remaining 3 dogs continued to consume
the control diet. The dogs were run again at 1, 3 and 5 weeéks after
the start of the experimental feeding period.

Blood plasma samples were obtained from each dog before and
after its run on the treadmill. Plasma free fatty acids (FFA) were
determined by the Kelley (6) modification of the Dole method (7). 1In
another test, plasma glucose was determined at 0, 5, 10, 20, 40 and
80 minutes after treadmill running and finally at the time of
exhaustion. The glucose ana1y51s was accomplished with the Technicon
Autoanalyzer,

_ Lipid and Isotope Analyses. Total lipids were determined .
in liver, muscle and adipose tissue by the chloroform-methanol,
sephadex chromatography riethod of Therriault and Poe (8). Neutral
lipids of blood plasma were separated from phospholipids by column _
chromatography. Quantitative determination of neutral lipid fractlons
was carried out by thin layer chromatography (TLC) according to the
method described by Louls-Ferdlnand et al (9).

"Since glucose utlllzatlon is so wvital to the tissues, :
especially for the metsbolism of the brain, initial studies have ‘been
conducted on the influence of feeding BD on the metabolism of glucose.}
Rats fed the BD diet for 3 to 8 months were intubated with 10
microcuries of uniformly labeled Glucose-014 and placed in a spec1al
all-glass metabolism cage for 24 hours. The expired cl4 "0y was :
continuously monitored and recorded.

RESULTS AND DISCUSSION

. Animal Feeding Study Comparing 1,3-Butanediol (BD),
Propylene Glycol (PG) and Glycerol. Fig. 1 shows that lowered S5.week
growth rates. were obtained in BD fed rats as compared to the. rates
obtained in rats fed the control diet. However, when the amount of -
food consumed was related to the 5-week weight gain in terms of food
efficiency, as summarized in Table 3, it is apparent that this
decreased growth is reflected by a proportlonally lowered amount of
diet consumed. Food efficiencies of the rats consuming the 30% fat
diets were the same regardless of energy source., Therefore, it appears
that young rats may limit their consumption of BD or PG containing i
diet because of taste or palatability, but the calories supplied by
these synthetic compounds were eff1C1ent1y utilized. :
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TABLE 3

Comparison of Glycols as Food Sources!
1 2 3 .4 5
10% 30% 30% 30% ~ 30%
Fat Fat Fat - Fat Fat
' + + +

20% 20% 20% ,

BD PG Glycerol
Wt. Gain, g 202 191 140 172 183
Food Intake, g 533 442 337 426 445
Food Efficiency2 38 . 43 42 41 41

1 S.week feeding.
Grams body wéight gain per gram food intake x 100.

Metabolism of Gluccse - cl4 in BD-Fed Rats. Preliminary
results have been obtained on the metabolism of D-Glucose - G}4
cl40, in rats fed diets contalfing 30% fat and 30% fat + BD. _
Continuous monitoring of the C for 24-hour periods from rats
intubated with the uniformly 1abe%ed glucose indicated that an average
of 90% and 77% of ingested activity was recovered in 24 hours in rats
fed the BD and the 30% fat control respectively,

Energy Utilization, Tissue Lipids and Survival Under Cold .
Stress. Weight gains and total calories consumed by young rats fed
for successive 2-week periods at room temperature (25°C) and
moderately cold (5°C) are presented in Table 4. Rats pair-fed the ‘
30% fat diets, with and without BD (diets 2 and 3), had statistically
similar weight gains within the two enviromments. These pair-fed
groups had a 28% increased food intake in the cold; the ad libitum
fed rats (10% fat, diet 1) increased their food intake by 40% in the
5°C environment. This- increased level of food consumption with
smaller body weight gains, reflects the increased caloric demands of
the animals in cold acclimation. :

- TABLE &
Average 2-Week Weight Gains and Energy Intake of Rats at
Mild (25°) and Moderately Cold (5°) Temperatures

Treatment ) - 25° 5°

- Wt gain Energy Wt gain Energy
Intake : Intake.

: g Total kcal g: Total kcal
(1) 10% Fat _ 89.4+2.3al 951 53.713;9°' 1341
(2) 30% Fat_+ 20% BD  76.8+4.4P 964 38.0%5.3¢ 1234
(3) 30% Fat? | 84,914,520 974 32,1%3.79 1250

* Mean + SE. Means having common letter in superscript are not -
significantly different (P>0. 05)
2 Pa1r fad to treatment (2).
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The epididymal adlpose t1ssue weight, liver lipids, and
1iver cholesterol of rats fed the 3 polyols and maintained at: -
temparate and cold environments for 4 weeks are presented in Table 3.
All animals. had reduced adipose tissue pads when exposed to the cold;
however, rats fed the glycols, BD and PG, had significantly (P<0.05)
lowered adipose tissue weight than did the controls or glycerol fed
anlmals at both env1ronments.

Liver 1lpldS and liver cholesterol were significantly.
(P< 0. 05) hlgher in rats fed PG at 25°C than in any of the other
treatments, Cold reduced both the lipid and cholestersl content of
the livers of rats fed PG. 1In the present study cold had no effect
on ‘the liver cholesterol levels of rats fed the control, BD and
glycerol diets., However, the liver lipids of the cold exposed BD fed
rats, as well as the PG fed rats, were significantly (P<0.05)
1ncreased as compared to the controls in the same env1ronment.

‘When' the rats were fed ‘the &4 drets for 5 weeks and placed
in the 1ntense cold of -20°C, the number of hours 50% of each group
survived is illustrated by the negative regression lines in Fig. 2.

*Rat$ consumlng the glycols, (BD or PG) withstood the cold only about
_one-half as’ long ‘as rats fed the 30% fat control or the glycerol

diet. An analysis of variante of these data with a comparison of -
slopes (b values) of each line with the control group showed that the
survival rate was.significantly. (P<0,05) decreased when rats were
fed the BD or PG diet. Feeding glycerol produced a survival rate
similar to that of the controls. These findings suggest that further
studies along this l1line may yield information appllcable to the design
-of‘ratlons for use under low-temperature condit1ons. '

; The ‘amount of epldldymal ‘adipose tissue of rats at either _
25°C or 5°C {Table 5) appears to be correlated with the resistance of
the animals to extreme cold. It is postulated from this exper1ment '
that thé quantity of ‘adipose tissue is a good 1nd1catlon of the
_anlmals! resistance to intense cold.

' Skin resistance and 'electromyogram measurements weré taken
. in rats fed the control 30% fat diet -and BD at 25°C.and 5°C. Normal
increased skin resistance and shivering occurred in both groups of
rats placed in the cold, indicating that rats consuming BD can
. 1n1§1a11y respond to a 1owered temperature.

From these studies, it is apparent that feeding relatlvely
large’ amounts of specific non-toxic glycols as a source of calorles,
although they can be used for growth, decreases the quantity of
adipose tissue lipids; this could be a causative factor in decreasing.
the resistance of the rat to intense cold. The mechanism whereby
propylene glycol produces elevated liver lipids and liver
cholesterol is unknown.




mnm&.ou%mv uﬂmuwmwew.hﬂuamoﬁwwmwﬂm,uoawanm adras

T

Lo
¢

'

s1odns uT M@uuoﬁ.cOEEooqm SuTABY SUBSK *HG T UEOR

RETE

[

STOEWSAND and SWIFT

3

DYMSZA.

pEL" OFE0" ¢ 55607 0FCr "2

Po

qS0° 0F8L*

00°Z+6L°2

). 9E*G+61°09

eZ10+8E° 1|

_nnmuo+wm.m

xq

570° 0+64 "0

e 17 07E£9°9

T9° €706 * € 457" 7057 66

nmo.o+mw.o

580°0788°2

S70"0F1%°0

uaw.o+¢mlw

oﬂww.w+m¢.woﬁaw.m+ﬁo.om

qZ0"0F%8°0

poL0° 07822

pEE THIO0°ZS

q90°0+1L*0

__muowgqﬂmmim

2q0%"9+61°89

NmHH.QﬂNNM.ﬁ

e

£

an Lag H

(39417
. 001 /8u)

10193
-sa1oyp

IBATT

(1=a11
8/8um)
sp1dr

IATT

(I Apoq

3 001/3)
ANSSTT
1
ssodipy

*prdy

Do§

- De8C

[CECEISE

Do §

0052

109419 sus1Adoig

Do &

D:5¢

ToTpouEIng-¢° 1

Do §

Ye1 70¢€

DoSZ

seanjexaduef Hmumssnoaﬁbcm Z 1t sjaoM § I07 WthHom JuaxaJITQg p2q S3€y IO

10393 89T0YD I9ATT pue ‘sprdr| Io9ATT ‘Iy81ey ansstj Isodrpy [ewdprprdy

S AT4vVL

223




DYMSZA, STOEWSAND and SWIFT

Lipid Distribution in Rats Fed 1,3-Butanediol. Previous
investigations suggested that feeding BD and PG to rats as a _ :
carbohydrate replacement. influences metabolism of lipids. Whether the
BD effects on lipid metabolism is general, affecting all classes of
tissue lipids, or whether it interferes with a ‘particular lipid class
is not known. In this section, the effects of prolonged feeding of BD
as g replacement of "natural" carbohydrate on the individual lipid
components of plasma of laboratory rats are reported.

4s shown in Table 6, both increase in dietary fat and the
presence of BD resulted in increased plasma FFA, triglycerides and
cholesterol ester. However, the free cholesterol content of plasma o
did not respond to changes in dietary fat levels or the addition of BD. .

: . . TABLE 6 - 1
__Distribution of Plasma Lipids in Rats Fed 1,3-Butanediol

: Tri- - Free Cholesterol
Diet . - glycerides Fatty Acids Free - Ester -
- (FFA) :
mgh - mg’h mg%  mgh

10% Fat 12 30 27 72
30% Fat -~ 32 | 58 22 76
30% Fat + 20% BD | 68 22 108

T755week feeding,

Plasma FFA represents the form in which fatty acids are
mobilized from the fat depots and transported to other tissues. In
the fasted state, fatty acid metabolism is geared to provide substrate
for oxidation by the tissues and there is a large net flux of FFA
from adipose tissue to other tissues. In the results reported here,
the elevated plasma FFA level in both groups receiving BD indicates
‘that a greater mobilization of lipid from adipose tissue occurred in
these animals. This was further evident when one observed the
smaller fat pads and, consequently, lower lipid levels in these
animals., ' ' : : B

Liver is the site of synthesis of plasma low-density. _
lipoprotein and in the post-absorptive state, it constitutes'the'majorl
source of plasma triglycerides. Any impairment in the ability of
liver to transport lipoproteins into the blood would cause a decrease
in plasma lipids and a concomitant increase in the lipid content of
liver, The higher plasma triglyceride levels in BDafed rats indicate
that the ability to transport low density lipoprotein from the liver - =
to plasma is not impaired. :
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Influence of Feeding 1,3-Butanediol in the Dog. The
endurance capacity of the dogs, as indicated by treadmill running to
exhaustion, is presented in Fig. 3. At the end of 5 weeks, two dogs'
fed the BD diet (Dogs number 1 and 5), as well as the control fed dogs,
increased their 5-week endurance capacity over that of their initial
performance.. Thus, both the 20% BD diet and the 30% fat controel diets
supported a similar level of sustained physical exercise in dogs.

As shown in Fig. 4, plasma free fatty acids increased in
the dogs after consuming the BD diet for one week and remained at a
2-fold elevated level for the 5 week experimental period. After
exhaustive exercise, the circulating free fatty acid increased about
6-fold in all dogs (Fig. 5). However, dogs fed the BD diet still
had consistently higher levels of free fatty acids compared to dogs
fed the control diet. Thus, in both the rat and the dog, certain
lipids are increased in the plasma when BD is fed. '

The results of a timed serial blood glucose study of dogs
fed 30% BD and conducted during treadmill running is presented in -
Table 7. Plasma glucose increased in all dogs after exercise began.
The plasma glucose of the BD fed dogs was initially higher than the
controls, but both groups increased to the same magnitude at 80
minutes of exercise. However, at exhaustion the average plasma o
glucose of BD fed dogs was further increased, but that of the controls
dropped. ' ' N

TABLE 7 .
Plasma Glucose of Exercised Dogs Fed 1,3-Butanediol
Time of : - Dietary Treatment
Exercise. 30% BD
(min) . ' ) + _ _ 30% Fat
_ ' 30% Fat (mg/100 ml) Controls
0 : 115+21 102+8 -
5 o 129+8 : 115+4
10 - 13278 : 1183
20 - | 13457 11759
40 S 139%11 13915
80 o 154412 1442
Exhaustion 172712 1122,

T Std. Error of Mean
2 2 Dogs _ .
PROJECTED APPLICATIONS

Energy-dense compounds can be recommended as a new approach
to achieving nutrit{pnally and logistically efficient diets. Actual
savings in weight and volume will depend on the caloric value of the -
compound and the level incorporated in the ration. For example, the
ultimate would be development of compounds with 9 kcal/gm or more, .
and their use to replace all of the approximately 1350 kcal now -
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R
supplled by carbohydrates. Such diets containing about 83% of their
caloric content in the form of fat ‘and hlgh~energy compounds could
be expected to- provide daily caloric needs in a food packet weighing
less than one pound in a volume of less than 400 em3. This is, of
course, a desired goal and not w1th1n current capability.

Tofobtain almost COmplete nutritional utilization, the
synthetic food compounds should be used in diets containing no fiber
and other materials which are poorly digested or absorbed. 1In
addition, the diet should be designed to meet the specific metabolic
needs of man without supplying unnecessary or undesirable exesses.
Diet design should be based on carefully controlled metabolic studies
conducted under specific environmental and stressful condltlons.

The synthetic compounds can also be considered_for use as
functional supplements in conventional foods or as major caloric
components of "tailor made!" or formula type diets, By application of
creative food technology, a number of acceptable food items can be
developed. Palatability may present some problems and require skill-.
ful blending of flavors and other components. In addition, modern
‘encapsulation techniques may be useful in allowing incorporation of
liquid compounds into solid forms of food. Liquid food compounds
could also be encapsulated into the core of bite-size food items. All
food compounds used must, of course, be of food grade purity and be
approved for food use by the Food and Drug Administration.

SUMMARY

Data have been présented to show that synthetically

produced 1,3-butanediol, propylene glycol and glycerol, which are not
normal food sources, can be used to supply dietary calories, All 3
compounds were utilized by animals under a variety of experimental
conditions. The results obtained indicate that many problems remain,
but that these compounds can serve as models. Nevertheless, the data
support the concept that other more potentially useful food compounds
can be found, designed, or synthesized. Such compounds, therefore,
offer a new approach in.the development of nutritionally and
logistically ultra-efficient, "tailor designed', combat ratioms of
the future, At the same .time, development .of a means of producing
food completely independent of land cultivation may serve to promote
international stability and peace by counteracting hunger among the
world's rapidly multiplying peoples.
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GROWTH CURVES - 5 WKS

] x—zcio% Far
. o—e0s30% FAT

#——#:30% FAT +BD

D—=0=30% FAT + GLYCERCL .

8——R=30% FAT + PROPYLENE GLYCOL .

Fig. 1. Growth of rats fed:varioﬁs_polyhydric alcohols,’

o GLYCERQL (Y=104.4-1.14%}
CONTROL (Y=101.8-1.33%X}

SURVIVAL (%)

[¥=108.4-2.41%)
PROPYLENE
GLYCOL

Y

{Y=I067-3.07X)
1, 3 BUTANEDIOL
Ll

10 20 30 40
X=HOURS AT -20°C.

Fig. 2. Regression lines showing percent survival (Y) of rats fed
polyhydric alcohols at various hours (X) of exposure to -20°C cold.
Control fed 30% Fat; all diets fed 5 weeks prior to cold exposure.
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Fig. 3. Endurance capacity of ddgs fed 1,3-butanediol.
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PLASMA FFA OF DOGS CONSUMING 1,3 -BD
e

140  g—~e BD Fed
130+ o==0 Control Fed

veo | 1 se

0 ’ 1 3 : : 5
WEEKS ON DIET

Fig. 4. Before exercise plasma free fatty ac1ds of dogs.fed
1,3-butanediol.

PLASMA FFA OF DOGS CONSUMING 1,33 ~BD
AFTER EXERCISE |

580 ®—® B0 Fed
Q== Control Fed
560 F I 8 E 4

540

WEEKS ON DET

Fig. 5. Plasma free fatty acids of dogs fed 1,3-butanediol after
exercise to exhaustion. '




